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surface of one flank for 1minute with a
cold insulator. The other flank was kept
at 35–36 1C with a heat pad. The
temperature on both sides was mon-
itored using a thermometer (for details,
see Methods in Supplementary Material
online). One minute of cooling accel-
erated the barrier recovery and this
effect was blocked by pre-treatment
with HC030031 (Figure 1b). Shorter
periods of cold exposure (10, 30 sec-
onds) did not significantly influence the
recovery rate (data not shown).
It has been shown that TRPA1 is also
activated by an endogenous inflammatory
peptide, bradykinin (Bandell et al., 2004).
Topical application of bradykinin accel-
erated the barrier recovery and it was
blocked by HC030031. Application of
HC030031 alone delayed the barrier
recovery (Figure 1c). We speculated that
endogenous bradykinin might be released
by barrier disruption and HC030031
might block the effect of the endogenous
factor on TRPA1. TRPA1 might thus act as
a sensor of barrier insult, serving to trigger
the barrier recovery process. We evalu-
ated the histological alteration by light-
microscopic and electro-microscopic ob-
servation. The skin treated with
HC030031 did not indicate any specific
sign of toxicity of the reagent.
Immunohistochemical study reve-
aled positive immunostaining for
TRPA1 on mouse epidermis (Figure 2a
and c, negative control: b and d).
Western blotting of the epidermis from
hairless mice with TRPA1 antibody
revealed a band of the expected mole-
cular weight (115 kDa; Figure 2e; Dai
et al., 2007).
An electron-microscopic evaluation
indicated that brief cold exposure
accelerated lamellar body secretion at
the stratum corneum–stratum granulo-
sum interface (Figure 2g and f: control),
and this enhanced secretion was
blocked by pretreatment with
HC030031 (Figure 2h). Figure 2i shows
secreted lamellar bodies in the skin
exposed to low temperature. The results
are quantified in Figure 2j. After the
barrier disruption by acetone treatment,
cold exposure accelerated the barrier
recovery and it was blocked by
HC030031 (data not shown).
The mechanism of the effect of
TRPA1 agonists and antagonists on skin
barrier homeostasis has not been clari-
fied by this study. Activation of TRP
receptors might induce unknown elec-
tro-physiological effects in epidermal
keratinocytes. In connection with the
sensation of warm and cold in the
peripheral nervous system, mechano-
activated potassium channel TREK-1
(Twik-related K(þ ) channel) and
TRAAK (Twik-related arachidonic acid-
stimulated K(þ ) channel; Twik: Tandem
of p domains in a weak inward rectifying
K(þ ) channel)) influenced the function
of TRP channels (Noel et al., 2009).
These channels are expressed in HaCaT
cells, spontaneously immortalized hu-
man keratinocyte line (Kang et al.,
2007). Interactions between these po-
tassium receptors and TRP channels
should lead to a better understanding
of the function of TRP channels in
epidermal keratinocytes.
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TO THE EDITOR
The thermo-sensitive protein transient
receptor potential cation channel sub-
family A, member 1 (TRPA1) is activated
by temperatures below 17 oC and by
several reagents, including allyl isothio-
cyanate and cinnamaldehyde (Dhaka
et al., 2006). Recently, expression of
TRPA1 in human epidermis was reported
(Atoyan et al., 2009). Thus, epidermal
keratinocytes might have a sensoryAbbreviations: TRPA1, transient receptor potential cation channel subfamily A, member 1
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Figure 1. Intracellular calcium imaging of undifferentiated and differentiated keratinocytes with decreasing medium temperature. (a) Calcium imaging
of cultured keratinocytes. Intracellular calcium level is shown in ratiometric color (F340/F380). White numbers at the upper right of each figure indicate
the bath temperature. Bar¼60 mm. (b) Representative profiles of intracellular calcium and temperature in undifferentiated keratinocytes. (c) Populations
of undifferentiated and differentiated keratinocytes sensitive to cold exposure. Undifferentiated keratinocytes were more sensitive to cold (Po0.001).
(d) Percentages of cells that responded to each temperature among undifferentiated and differentiated keratinocytes. The majority of keratinocytes in
both groups were activated with a threshold temperature of 16–18 1C. We used three different lots of keratinocytes and evaluated eight batches of
keratinocytes.
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system that responds to low temperature.
To test this idea, we examined the effects
of low temperature and reagents that
modulate TRPA1 on the intracellular
calcium level of cultured human kerati-
nocytes (for details, see Methods in
Supplementary Material online).
The results of intracellular calcium
imaging of undifferentiated and differ-
entiated keratinocytes are shown in
Figure 1. When we decreased the
temperature of the medium, intracellu-
lar calcium began to increase at
22–23 1C and the increase became
marked at around 16–18 1C in undiffer-
entiated keratinocytes. In contrast,
there was little elevation of intracellular
calcium in differentiated keratinocytes
(Figure 1a). A representative profile of
intracellular calcium versus tempera-
ture in undifferentiated keratinocytes is
shown in Figure 1b. Approximately
60% of undifferentiated keratinocytes
responded to low temperature, whereas
only around 10% of differentiated
keratinocytes responded (Figure 1c).
The percentages of the cells that re-
sponded to each temperature are in-
dicated in Figure 1d. Marked responses
were seen between 16–18 1C in undif-
ferentiated keratinocytes. The deeper
layer of the epidermis seemed to be
more sensitive to cold than the upper
layer. We evaluated the messenger
RNA of TRPA1 from differentiated and
undifferentiated keratinocytes, but no
significant difference was observed
between them (data not shown). Wes-
tern blots of cell proteins extracted from
the keratinocytes did not show differ-
ences (data not shown). Thus, we
speculate that a difference in cell
membrane structure between differen-
tiated and undifferentiated keratino-
cytes might account, at least in part,
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Figure 2. Pharmacological properties of cold-evoked response in human keratinocytes. DRatio represents the change from the basal level of intracellular
calcium. We ramped the temperature to 13–15 1C for the studies. (a) Removal of extracellular calcium during cooling ramp. (b, c) In the presence of a TRP
channel blocker, Ruthenium Red (RuR) 20, 50mM. (d, e) TRPA1-specific antagonist HC030031 (2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)-N-
(4-isopropylphenyl)acetamide; HC) 20, 50 mM. *Po0.05, ***Po0.0001. The effects of application of a TRPA1 agonist, allyl isothiocianate or cinnamaldehyde,
on the intracellular calcium level of keratinocytes. (f) Allyl isothiocyanate 100 mM; (g) cinnamaldehyde 100mM. Both reagents increased the intracellular calcium
level, and the responses disappeared in calcium-free medium. BSS(þ ), medium with calcium; BSS(), medium without calcium.
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for the difference in response to cold.
Another possibility is that interaction
with other receptors of which the
expression is differentiation-dependent
might influence the response of TRPA1.
It has been reported that the tempera-
ture threshold of TRPV1 was altered by
activation of purinergic receptors (To-
minaga et al., 2001).
The effects of calcium in the med-
ium and transient receptor potential
inhibitors on the response of kratino-
cytes to cold are shown in Figure 2.
Removal of calcium from the medium
with EGTA decreased the elevation of
intracellular calcium in keratinocytes
exposed to low temperature (Figure 2a).
This result suggests that calcium
channels on the cell membrane are
involved in the response. A non-speci-
fic transient receptor potential blocker,
ruthenium red (20, 50 mM), significantly
reduced the response (Figure 2b and c).
Moreover, application of a TRPA1-specific
antagonist, HC030031 (2-(1,3-di-
methyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-
purin-7-yl)-N-(4-isopropylphenyl)aceta-
mide; 20, 50 mM; McNamara et al.,
2007), also reduced the response
(Figure 2d and e).
The effects of application of a
TRPA1 agonist, allyl isothiocyanate
or cinnamaldehyde, on the intracel-
lular calcium level of keratinocytes
are shown in Figure 2f and g. Both
reagents increased the intracellular
calcium level, and these responses
disappeared when calcium was
removed from the medium. These
results suggest that TRPA1 or a very
similar cold-sensitive calcium channel
might exist functionally in epidermal
keratinocytes.
The percentage of cold-responsive
keratinocytes in this study was much
higher than that of dorsal root ganglion
cells (Story et al., 2003). That is, the
epidermis might be more sensitive to
low temperature than the peripheral
nervous system. It has long been
recognized that peripheral nerve fibers
have a crucial role in thermo-sensation
of the skin. However, human keratino-
cytes also express other thermo-sensi-
tive transient receptor potential types,
TRPV1 (activated at 43 1C), TRPV3, and
TRPV4 (both activated at 28–35 1C),
as reported previously (Denda et al.,
2001; Peier et al., 2002; Chung et al.,
2003). Thus, epidermal keratinocytes
are likely to have an important role in
thermo-sensation of the skin. Moreover,
TRPA1 might be associated with pain
(Jordt et al., 2004). Thus, studies on
transient receptor potential types in
keratinocytes might have implications
for the clinical treatment of itchy or
sensitive skin.
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TO THE EDITOR
Innervation of the skin is important in
order to maintain functional sensation
and enable appropriate response to
environmental stimuli. Injury to the
skin may involve peripheral nerve
damage. Previous studies have shown
an initial loss of nerve fibers followed
by an increase above normal fiber
density, which is followed by apoptosis
and ultimately reduced innervation
and sensory function in scar tissue
(Hermanson et al., 1987; Stella et al.,
Supp.(767) 1994; Altun et al., 2001;
Ward et al., 2004; Nedelec et al.,
2005). Although some studies have
found an association between reduced
nerve density and sensation (Stella
et al., 1994; Ward et al., 2004), other
studies have not (Griffin et al., 2001;
Nedelec et al., 2005). The contradic-
tory nature of these findings is at least in
part due to small sample numbers,Abbreviations: PGP9.5, protein gene product 9.5
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Cutaneous Injury Causes Systemic Nerve Response
